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Abbreviated summary 
In metazoans the AP-2 complex has a well-defined role in clathrin-mediated 
endocytosis. By contrast, its direct role in endocytosis in unicellular eukaryotes has 
been questioned. In Schizosaccharomyces pombe, apl3∆ mutants exhibit defects in the 
lifetimes and spatial dynamics of the endocytic patches that lead to alterations in 
endocytosis, cell wall synthesis, and polarity establishment. These results confirm that a 
direct role for AP-2 in endocytosis has been conserved throughout evolution. 
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Summary 1 
In metazoans the AP-2 complex has a well-defined role in clathrin-mediated 2 
endocytosis. By contrast, its direct role in endocytosis in unicellular eukaryotes has 3 
been questioned. Here we report co-immunoprecipitation between the fission yeast AP-4 
2 component Apl3p and clathrin, as well as the genetic interactions between apl3∆ and 5 
clc1 and sla2∆/end4∆ mutants.Furthermore, a double clc1 apl3∆ mutant was found to be 6 
defective in FM4-64 uptake. In an otherwise wild-type strain, apl3∆ cells exhibit altered 7 
dynamics of the endocytic sites, with a heterogeneous and extended lifetime of early 8 
and late markers at the patches. Additionally, around 50% of the endocytic patches 9 
exhibit abnormal spatial dynamics, with immobile patches and patches that bounce 10 
backwardsto the cell surface, showing a pervasive effect of the absence of AP-2. These 11 
alterations in the endocytic machinery result in abnormal cell wall synthesis and 12 
morphogenesis. Our results complement those found in budding yeast and confirm that 13 
a direct roleof AP-2 in endocytosis has been conserved throughout evolution. 14 
 15 
 16 
 17 
 18 
 19 
 20 
 21 
 22 
 23 
 24 
 25 
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Introduction 1 
Endocytosis regulates extracellular fluid internalization, protein and lipid trafficking 2 
from the plasma membrane into cells, and cell signaling. The best-characterized 3 
endocytosis mechanism is clathrin-mediated endocytosis (CME), which requires the 4 
recruitment of cargoes into clathrin-coated vesicles. Many proteins participate in the 5 
different aspects of CME including endocytosis site selection, cargo recruitment, coat 6 
assembly, membrane curvature, actin polymerization, and vesicle scission (Doherty & 7 
McMahon, 2009). The AP-2 complex, which belongs to the Assembly Polypeptide (AP) 8 
family of heterotetrameric adaptors, links clathrin to membrane lipids and 9 
transmembrane cargoes at the vesicle budding site (Hirst et al., 2011, Godlee & 10 
Kaksonen, 2013). AP-2 consists of two large subunits termed adaptins (α and β 11 
subunits), a medium-sized one (µ), and a small one (σ). The N-terminal domains of the 12 
adaptins, together with the µ and σ subunits, constitute the “head” of the adaptor, which 13 
interacts with plasma membrane lipids and cargoes. In particular, the µ subunit 14 
recognizes YxxΦ motifs (Y, tyrosine; x, any amino acid; Φ, bulky hydrophobic residue) 15 
in the cytoplasmic portions of transmembrane proteins, and the σ and β subunits bind 16 
[DE]xxxL[LI] dileucine motifs (Marks et al., 1996, Owen & Evans, 1998). The head is 17 
separated by flexible hinges from the “ears” (adaptins C-terminal domains), which bind 18 
accessory proteins (Lafer, 2002). The relevance of AP-2 in endocytosis is demonstrated 19 
by the fact that AP-2 depletion abrogates clathrin coat assembly in HeLa cells (Boucrot 20 
et al., 2010) and is lethal in Caenorhabditis elegans (Mitsunari et al., 2005). 21 
 22 
The budding yeast Saccharomyces cerevisiae is a model organism that has been used 23 
extensively for the study of vesicle trafficking. Detailed analyses allowed the 24 
identification of many proteins involved in CME, and the definition of a series of 25 
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sequential steps that take place along endocytosis. The proteins involved in endocytosis 1 
have been grouped in different functional modules according to their time of arrival at 2 
the endocytic sites, their lifetime at the patch, and their spatial dynamics at the 3 
endocytic sites. Endocytosis initiates by the arrival of early proteins (Eps15/Ede1p and 4 
FCHO1/Syp1p) at the endocytic sites, which is followed by the incorporation of the 5 
“coat module”proteins (including clathrin adaptors and clathrin); clathrin regulates a 6 
transition point, possibly defined by cargo recruitment, after which the lifetime of 7 
proteins at the endocytic site are quite regular. The endocytic coat remains basically 8 
immobile until actin polymerization is triggered. Actin polymerization requires the 9 
incorporation of the “WASP/Myo module” proteins followed by the recruitment of the 10 
“actin module”proteins, includingthe Arp2/3 complex and actin. Actin polymerization 11 
and the Myo1p motor activity contribute to the elongation of the endocytic tubular 12 
invagination during the patch mobile phase, which is observed by live-cell microscopy 13 
as an inward movement of fluorescent patch markers to the cytoplasm. Finally, the 14 
vesicle pinches off from the membrane and the coat disassembles (Boettner et al., 2012, 15 
Carroll et al., 2012, Weinberg & Drubin, 2012, Goode et al., 2015). Most of these 16 
sequential steps are conserved in metazoans (Girao et al., 2008, Galletta et al., 2010, 17 
McMahon & Boucrot, 2011, Taylor et al., 2011) 18 
 19 
In spite of our deep knowledge of endocytosis at the molecular level, evidence for a 20 
direct implication of the yeast AP-2 in this process is scarce. In a pioneer study it was 21 
found that mutants lacking AP-2 exhibited no apparent phenotype even when combined 22 
with a clathrin mutation (Yeung et al., 1999). Additionally, the uptake of the α-factor 23 
mating pheromone was not affected by AP-2 mutations and no direct or indirect 24 
physical interaction between this complex and clathrin was detected (Yeung et al., 25 
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1999). These results led to the notion that AP-2 is dispensable for endocytosis in 1 
budding yeast (Yeung et al., 1999, Boehm & Bonifacino, 2002, Godlee & Kaksonen, 2 
2013). Later, a genome-wide screening revealed that AP-2 mutants were resistant to the 3 
K28 killer toxin (Carroll et al., 2009); although the nature of this resistance was not 4 
known, this was the first report of a phenotype associated to mutations in yeast AP-2. A 5 
recent work has shown thatApm4p (the AP-2 µ subunit) interacts physically with the 6 
stress sensor Mid2p, that the YxxΦ domain in the Mid2p cytoplasmic tail is required for 7 
efficient interaction, and that APM4 deletion leads to defects in the polarized location of 8 
Mid2p (Chapa-y-Lazo et al., 2014).These results argued against the idea of yeast AP-2 9 
being dispensable for endocytosis. 10 
 11 
The fission yeast Schizosaccharomyces pombe diverged from budding yeasts 500 12 
million years ago (Rhind et al., 2011) and is a very attractive model to study protein 13 
trafficking because some aspects of vesicle transport are more similar to those of 14 
metazoans than those of budding yeast (Ayscough et al., 1993, Yeung et al., 1999, Kita 15 
et al., 2004). Fluid-phase endocytosis was documented in S. pombe in 1990 (Fernandez 16 
et al., 1990), and the genome sequencing project that occurred a decade later identified 17 
the open reading frames SPBC691.03c, SPBC2G2.06c, SPAC31A2.09c, and 18 
SPBC685.04c as theα, β, µ, and σ AP-2 subunits, which were named apl3
+
, apl1
+
, 19 
apm4
+
, and aps2
+
, respectively (Wood et al., 2002). Since then, a few genes involved in 20 
endocytosis have been characterized (Iwaki et al., 2004, Basu & Chang, 2011, Encinar 21 
del Dedo et al., 2014), and quantitative and mathematical analyses of endocytic actin 22 
patch assembly have been undertaken and have shown that most endocytosis 23 
components and mechanisms are conserved in this model organism (Galletta & Cooper, 24 
2009, Berro et al., 2010, Sirotkin et al., 2010, Basu & Chang, 2011,). However, the 25 
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participation of AP-2 in the endocytic process has not been studied. In this work we 1 
have analyzed the involvement of S. pombe AP-2 in endocytosis and morphogenesis. 2 
We have found that in fission yeast the lifetimes and correct dynamics of endocytic 3 
patch markers are altered in the absence of Apl3p. These results complement those 4 
found in S. cerevisiae and confirm that a direct role of AP-2 in endocytosis has been 5 
conserved throughout evolution. Additionally, these results validate S. pombe as a 6 
valuable model for the analysis of conserved aspects of vesicle transport.   7 
 8 
Results 9 
Apl3p is required for the integrity of the AP-2 complex  10 
As an initial characterization of the AP-2 complex, we analyzed the fate of some 11 
subunits in the absence of others. Western blot analyses showed that the amount of 12 
Apl3-GFP, Apl1-GFP and Apm4-GFP did not vary when apl1
+
 and apl3
+
 were deleted 13 
(figure 1 A). As reported previously, in a wild-type strain Apl3-GFP was mostly 14 
observed as small fluorescent dots at or near the cell surface (de Leon et al., 2013). 15 
These dotsare concentrated at the cell poles and equator, which are the sites of active 16 
growth and endocytosis in fission yeast (Castagnetti et al., 2005, Gachet&Hyams, 17 
2005). A similar distribution was observed for Apl1-GFP and Apm4-GFP (figure 1 B). 18 
In the case of Apl3-GFP and Apm4-GFP, some intracellular fluorescence was also 19 
observed, with a pattern resembling that of the S. pombe vacuoles. In the absence of 20 
Apl1p, Apl3-GFP became partially delocalized from the cell surface, with most of the 21 
fluorescence observed inside the cells. However, since some fluorescent dots were still 22 
visible at the cell poles and equator (arrowheads in figure 1 B), the apl1∆ mutant was 23 
discarded from our study of AP-2. 24 
 25 
Page 8 of 51Molecular Microbiology
For Peer Review
 7
In the absence of Apl3p, the localization of Apl1-GFP and Apm4-GFP at/near the cell 1 
surface of the growing regions was completely lost. In the case of Apl1-GFPsome 2 
fluorescence could be observed at the nucleus, as confirmed by Hoechst counterstaining 3 
(figure S1A). In the case of Apm4-GFP fluorescence was observed at the vacuoles, as 4 
shown by co-localization with mCherry-FYVE(EEA1), a fluorescent marker for the 5 
prevacuolar compartment and vacuoles (figure S 1B).Fluorescence never co-localized 6 
with the Golgi marker Anp1-Cherry (figure S 1C and results not shown), ruling out the 7 
possibility that in the apl3∆ strain the remaining subunits compete with AP-1 subunits 8 
for binding to clathrin. In any case, we wanted to confirm that the phenotypes 9 
associated with apl3
+
 deletion (see later) were produced by a defective endocytosis, not 10 
by alterations in other aspects of vesicle transport. We found that vacuole number was 11 
similar in wild-type and apl3∆ strains (17.2±3.6 and 18.8±2.5 vacuoles per cell, 12 
respectively). Additionally, vacuole size and morphology weresimilar in wild-type and 13 
apl3∆strains (figures S 2A, S 2B). Finally, vacuole fusion under hypo-osmotic shock 14 
took place correctly (figure S 2B). Similarly, acid phosphatase was secreted at a normal 15 
rate in the apl3∆ strain (figure S 2C). A diagnostic test to analyze whether traffic 16 
between Golgi and vacuoles is altered is evaluating carboxypeptidase Y missorting to 17 
the cell surface by colony dot-blot (Iwaki et al., 2003). As sho n in figure S 2D, Cpy1p 18 
was not missorted in apl3∆ cells. These results argue against the hypothesis that defects 19 
in apl3∆ cells are a consequence of trafficking defects other than endocytosis. 20 
 21 
Next, we wished to investigate whether functional Apl1p-Apm4p hemi-complexes were 22 
present in the apl3∆ mutant. In a genome-wide screening directed to search for S. 23 
pombe genes required for normal growth in the presence of antifungal drugs that target 24 
ergosterol biosynthesis, it was found that apl3∆ is resistant to clotrimazole and 25 
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terbinafine (Fang et al., 2012). We analyzed growth of wild-type and apl3∆ cells in the 1 
presence of miconazole, which also interferes with ergosterol synthesis, and found that 2 
the mutant was slightly sensitive to this drug. This sensitivity was not enhanced when 3 
apm4
+
 was deleted (figure 1 C). Similarly, the sensitivity of apl3∆ cells to the 4 
antifungal Caspofungin (see later) was not enhanced in an apl3∆ apm4∆ double mutant 5 
(figure 7 B). These results strongly suggested that partially-functional β/µ hemi-6 
complexesare not present in the S. pombe apl3∆ mutant and that the apl3∆strain is an 7 
AP-2defective mutant.  8 
 9 
Apl3p is involved in endocytosis 10 
As a first approach togain information abouta possible Apl3p function in CME, we 11 
analyzed co-localization between Apl3p and End4/Sla2p, a clathrin- and actin-binding 12 
protein required for endocytosis (Iwaki et al., 2004, Castagnetti et al., 2005, Newpher & 13 
Lemmon, 2006). As shown in figure 2 A, there was co-localization between both 14 
proteins (yellow dots at the cell surface. Figure 2 A). According to data quantification, 15 
cells exhibited 22.05±2.9 Apl3-GFP and 21.88±4.1 End4-mCherry dots per cell (n=30 16 
cells). 88.3±8.9% Apl3-GFP dots co-localized with End4-mCherry; probably, the rest of 17 
Apl3-GFP dots corresponded to very early endocytic sites (sites with “early coat” 18 
proteins where the “intermediate” coat protein Sla2p had not arrived yet). 88.6 ±4.9% of 19 
End4-mCherry dots co-localized with Apl3-GFP. The End4-mCherry dots that lacked 20 
Apl3-GFP signal were always observed inside the cell and very far from the cell 21 
surface. At present the nature of these structures is unknown; it is possible that Apl3p 22 
disassembles early after vesicle internalization such that Apl3p molecules can be 23 
recycled back to the cell surface, while there might be End4-containing protein 24 
complexes that remain stable and can be observed inside the cell a time after coat 25 
disassembly. 26 
 27 
Next, to analyze whether S. pombe AP-2 and clathrin interacted physically, we 28 
performed co-immunoprecipitation between Apl3-GFP and HA-tagged clathrin light 29 
chain. As observed in figure 2 B, Clc1p-HA was detected in anti-GFP 30 
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immunoprecipitates from the strain bearing both Clc1-HA and Apl3-GFP. A similar 1 
result was obtained using strains bearing Clc1-GFP and Apl3-HA (figure 2 C). 2 
Although this result did not show that Apl3p and clathrin interacted directly, it 3 
demonstrated that they formed a complex. In S. cerevisiae, physical interaction between 4 
AP-2 and clathrin was not detected (Yeung et al., 1999). Possibly, the different 5 
procedures used in these experiments account for this difference. In our assays, cells 6 
were washed with a GTP-γ-S-supplemented buffer to stimulate clathrin/AP-2 7 
recruitment to the plasma membrane and to avoid coat disassembly (Krauss et al., 8 
2003), and were disrupted frozen. 9 
 10 
Subsequently,the existence of a genetic interaction between apl3∆ and mutants in genes 11 
involved in endocytosis was analyzed. Initially, we evaluated the existence of genetic 12 
interaction between apl3∆ and clc1-132 (a thermosensitive mutant bearing a point 13 
mutation in the clathrin light chain). As shown in figure 2 D, the double apl3∆ clc1-232 14 
mutant was more thermosensitive than any of the single mutants. In S. cerevisiae, 15 
genetic interaction between clathrin and AP-2 mutants was not detected. While it is 16 
possible that this different result could be a consequence of the distinct clathrin 17 
mutations used within each organism, the notion that AP-2 function might be more 18 
relevant in an organism with less gene duplication and redundancy cannot be ignored. 19 
In any case, since clathrin participates in secretion and endocytosis, this interaction only 20 
indicated that Apl3p might participate in someof these processes. The fact that there was 21 
genetic interaction between apl3∆ and end4∆/sla2∆ mutants (figure 2 D), suggested that 22 
this process was endocytosis. 23 
 24 
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To attain stronger evidence for an Apl3p function in endocytosis, we compared the 1 
efficiency of FM4-64 and Lucifer Yellow uptake in wild-type and apl3∆ cells. We did 2 
not find any significant difference between the strains in these processes (figure S 3). 3 
Since these bulk uptake assays are not very sensitive and only reveal evident defects in 4 
severe endocytosis mutants, these results suggested that if the AP-2 complex did play a 5 
role in endocytosis, this role was not essential.  6 
 7 
To envisage a subtle function of AP-2 in endocytosis, we studied whether this 8 
processwas affected under suboptimal conditions by analyzing FM4-64 uptake in mixed 9 
cultures of the 41XHA-clc1clathrin mutant bearing the spindle pole body Sad1-GFP 10 
protein, and the 41XHA-clc1apl3∆ double mutant. The cultures were incubated in the 11 
absence of thiamine (nmt1
+
 promoter ON, 60% of Clc1p with respect to a wild-type 12 
strain. de Leon et al., 2013)orin its presence for three hours (promoter OFF and 20% of 13 
Clc1p. de Leon et al., 2013). Micrographs were taken at 0 minutes, 5 minutes, and 60 14 
minutes after the addition of the dye. In cells grown in the absence of thiamine, dye was 15 
observed at the cell surface at the 0-minute time-point; in internal endosomes after 5 16 
minutes, and in vacuoles after 60 minutes in both strains (figure 2 E). When the 17 
expression of clc1
+
 was reduced by incubating the cells in the presence of the vitamin, 18 
FM4-64 was observed at the cell surface of both strains after 0 minutes of incubation 19 
with the dye (figure 2 E, lower panels); after 5 minutes, the FM4-64 was observed 20 
inside 42.3±8.2% of the 41XHA-clc1 cells (marked by the green Sad1-GFP dots) but 21 
only inside 12.1±1.8% of the 41XHA-clc1apl3∆ cells (cells with no GFP dots); after 60 22 
minutes of incubation, FM4-64 was observed in the vacuoles of 96.6±3.3% of the 23 
41XHA-clc1 cells and only in 18.1±2.0% of the 41XHA-clc1 apl3∆ cells. Thus, Apl3p 24 
was required for efficient endocytosis when the amount of clathrin was reduced.  25 
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 1 
The fission yeast AP-2 complex is required for the proper dynamic behavior of the 2 
endocytic machinery. 3 
To confirm the hypothesis that Apl3p was required for endocytosis, live-cell imaging 4 
was used to study the dynamic behavior of the endocytic machinery inwild-type and 5 
apl3∆ cells bearing Sla1-GFP and Crn1-Tomato as early and late temporal markers, 6 
respectively (figure 3 A and movies 1 and 2). Sla1p is a coat-module protein that binds 7 
to both cargo proteins and activators of actin dynamics, while Crn1p (coronin) is a patch 8 
component that is recruited very late, participates in actin nucleation,anddisperses upon 9 
patch internalization (Costa & Ayscough, 2005, Galletta & Cooper, 2009, Sirotkin et 10 
al., 2010, Basu & Chang, 2011, Basu et al., 2014). The analysis of 45 patches from 11 
bothcontrol and apl3∆ cells by time-lapse microscopy revealed that the lifetimes for 12 
Sla1-GFP and Crn1-Tomato were more heterogeneous when Apl3p was absent than in 13 
the wild-type (figure 3 B); these times, as well as the period of coexistence of both 14 
proteins,were always longer in the mutant (figures 3 B to 3 D). In the control cells, 15 
Sla1-GFP was observed for 23.56±2.83seconds and Crn1-Tomato for 14.57±1.3 16 
seconds; both proteins coexisted for 10.25±2.6 seconds at the patches. In apl3∆, the 17 
lifetimes for Sla1-GFP and Crn1-Tomato were 35.87 ±7.78 seconds and 25.09±5.2 18 
seconds, respectively; both proteins coexisted for 15.78±5.39 seconds.Thus, the 19 
lifetimes of both early and late endocytosis markers was altered in apl3∆ cells.  20 
 21 
To gain further information about the process of endocytosis in AP-2 depleted 22 
cells,wild-type and apl3∆ strains bearing the Wsp1-YFP and Arc5-mCherry markers 23 
were also analyzed (figure 4 A and movies 3 and 4). Wsp1p is an Arp2/3 activator that 24 
belongs to theWASP/Myo module, while Arc5p is a component of the Arp2/3complex, 25 
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which belongs to the actin module. These proteins localize to the patches after Sla1p 1 
and before Crn1p (Sirotkin et al., 2010, Basu & Chang, 2011).30 patches from the wild-2 
type and 45 patches from the apl3∆ mutant were analyzed. As shown in figure 4 B, the 3 
lifetimes of these markers were longer and more heterogeneous in the mutant than in the 4 
control strain. In the wild-type strain, Wsp1-YFP was observed at the patches for 5 
19.32±5.23 seconds and Arc5-mCherry for 20.27±6.45 seconds; both proteins coexisted 6 
for 16.12±2.1 seconds (figure 4 C). In the apl3∆ mutant, Wsp1-YFP was observed for 7 
30.58±8.34 seconds and Arc5-mCherry for 26.97±8.12 seconds, with a coexistence time 8 
of 22.78±7.39 seconds. Thus, the lifetimes of these markers were also longer in the AP-9 
2 depleted cells than in the wild-type cells.  10 
 11 
Additionally, all these strains allowed the analysis of the times of incorporation of the 12 
markers to the patches in the absence of AP-2. The time at which Arc5-mCherry 13 
incorporated to the Wsp1-containing patches was delayed in the apl3∆ strain (Wsp1-14 
YFP was observed alone for 3.2 seconds in the wild-type and for 7.8 seconds in the 15 
mutant). In the wild-type strain Crn1p incorporated to the patch 13.31 seconds after 16 
Sla1p was first observed, while in the apl3∆ mutant it incorporated into the patch 20.09 17 
seconds later than Sla1p. Thus, the incorporation of coronin, a very late patch 18 
component was slow in AP-2 depleted cells. All together, these results confirmed that 19 
AP-2 plays a direct role early in endocytosis and showed that the effect of disrupting 20 
this complex is pervasive, affecting the dynamics of early and late markers. 21 
 22 
Regarding the number of endocytic patches assembled per cell, there were 8.35±1.39 23 
and 8.93±1.64 Sla1-GFP patches in wild-type and apl3∆ cells, respectively. 10.93±2.48 24 
and 8.95±2.34 Wsp1-YFP patches, 13.00±2.95 and 10.95±2.43 Arc5-mCherry patches, 25 
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and 9.48±1.76 and 9.55±2.55 Crn1-Tomato patches were present in wild-type and apl3∆ 1 
cells, respectively. Thus, the increase in the lifetimes of patch components did not result 2 
in an increase in the patch number. Although these results might seem contradictory, it 3 
is possible that the delay observed in the dynamics of the endocytic machinery is not 4 
enough to produce an accumulation of endocytic patches at the cell surface. 5 
Additionally, it has been described that a simultaneous arrival of two AP-2 complexes 6 
and one clathrin triskelion to the membrane represent a defining event for the nucleation 7 
of future clathrin-coated pits (Cocucci et al., 2012). Thus, it is possible that in the apl3∆ 8 
cells the increase in the number of endocytic patches that would be expected as a 9 
consequence of the slow dynamics of the process was compensated by a low efficiency 10 
in the initiation of endocytic sites. 11 
 12 
Spatial dynamics of endocytic patches are altered in apl3∆ cells 13 
The data described above referred to the total lifetimes, including internalization. The 14 
period of time between the moment at which Sla1-GFP was initially observed at the cell 15 
surface and the first moment when this marker mo ed inwards to the cytoplasm was 16 
16.86±2.1 seconds in the wild-type and 27.01±5.5 seconds in the apl3∆ mutant; once 17 
the patches started moving towards the inside of the cell, it took them6.7±1.1 seconds to 18 
be internalized and disassembled in the wild-type strain and 8.9±2.85 seconds in the 19 
apl3∆ mutant (Figure 5 A).Thus, although the extended lifetime of Sla1p at the patches 20 
was due to longer immobile and mobile phases, the delay in the former had the 21 
strongest contribution to the extension. Regarding Wsp1-YFP, Arc5-mCherry and Crn1-22 
Tomato, these markers exhibited accentuated extensions in the mobile phase (figure 5 23 
A). In summary, in the AP-2 mutant the dynamics of early and late markers was altered, 24 
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with the very early marker exhibiting an extended immobile phase and later markers 1 
exhibiting extended mobile phases. 2 
 3 
To better assessthe spatial dynamics of endocytic patches, kymographs were generated 4 
from the same time-lapses drawing a line either perpendicular to the cell equator (figure 5 
5 B and results not shown) or across single patches (figures 5 C and 5 D). Analysis of 6 
the behavior of individual patches showed that in the wild-type strain 87% of the 7 
patches bearing the Sla1-GFP and Crn1-Tomato markers moved inwards to the 8 
cytoplasm and then disassembled, while 13% of the patches bounced back to the cell 9 
surface before being disassembled (figure 5 E). In the apl3∆ strain, only 52% of the 10 
Sla1-GFP/Crn1-Tomato patches exhibited a normal progression. In this strain, 35% of 11 
the patches bounced back to the cell surface, and 13% of the patches were immobile, 12 
never exhibiting an inward movement. In summary, absence of AP-2 affects several 13 
aspects of the dynamic behavior of endocytic patches. 14 
 15 
Phenotypic analysis of apl3∆ cells 16 
With the aim of understanding whether the defects in the dynamics of the endocytosis 17 
machinery observed in apl3∆ were relevant for cell physiology, the phenotype of the 18 
mutant was analyzed. The generation time of wild-type and mutant cells growing 19 
actively in rich medium at different temperatures (25ºC, 28ºC, 32ºC) were similar. 20 
When cells were incubated in rich and minimal medium at low-medium temperatures 21 
(25 to 32ºC), the cell morphology and septation index of the mutant cells were similar to 22 
those of the wild-type (results not shown); when incubated at 37ºC for 3 hours, 3% of 23 
the mutant cells exhibited cell separation defects, leading to the appearance of chained 24 
cells (figure S 4A). Additionally, accumulation of a Calcofluor-binding material was 25 
Page 16 of 51Molecular Microbiology
For Peer Review
 15
observed at the cell surface of 1% of the cells. Also, the distribution of the pheromone 1 
receptor Map3p, the morphology of shmoos and zygotes, and mating and sporulation 2 
efficiencies were unaffected in the mutant (not shown). 3 
 4 
In S. cerevisiae, endocytosis mutants are sensitive to saline and osmotic stress 5 
(Chowdhury et al., 1992, Munn et al., 1995, Whitacre et al., 2001). We therefore 6 
examined the growth of S. pombe apl3∆ mutant in the presence of KCl, NaCl, and 1.2 7 
M sorbitol at 25ºC. As shown in figure 6 A, in the presence of 0.6M KCl the growth of 8 
apl3∆, end4∆, and apl3∆ end4∆ cells was not inhibited; at 1M KCl the growth of 9 
bothend4∆ and apl3∆ end4∆ cells was completely inhibited, but that of the single apl3∆ 10 
mutant was not. Neither NaCl nor sorbitol inhibited the growth of any of the mutants. In 11 
fact, the growth of the apl3∆ end4∆ double mutant was favored by the presence of 12 
sorbitol, which was able to suppress the thermosensitivity of this strain at 28ºC (figure 6 13 
B). In order to know whether other salts inhibited the growth of AP-2 mutants, wild-14 
type and apl3∆ cells were spotted onto YES supplemented with several chlorides. We 15 
detected a mild sensitivity to MgCl2, CdCl2, and MnCl2, and a mild resistance to CaCl2 16 
(figure S 4B). The reason why apl3∆ might be sensitive to some salts but not to others is 17 
unknown. 18 
 19 
As mentioned before, we had detected a mild sensitivity to miconazole in the apl3∆ 20 
mutant (figure 1 C). In order to investigate whether this sensitivity was related to the 21 
defect in endocytosis in apl3∆ cells, we analyzed the growth of end4∆ cells in the 22 
presence of this antifungal agent. As shown in figure 6 C, a concentration of 0.05 µM 23 
miconazole partially inhibited the growth of end4∆ and apl3∆ end4∆ cells. 1 µM 24 
miconazole partially inhibited the growth of apl3∆ cells and totally inhibited the growth 25 
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of end4∆ and apl3∆ end4∆ cells. This result strongly suggested that sensitivity was 1 
related to a defect in endocytosis. 2 
 3 
Since it has been suggested that endocytosis is required for proper sterol distribution at 4 
the sites of polarized growth (Nishimura et al., 2014), we wondered whether the altered 5 
growth in the presence of sterol-disturbing agents was accompanied by an abnormal 6 
distribution of sterols in the plasma membrane. To address this question, lipid rafts were 7 
stained with Filipin in wild-type, apl3∆, and end4∆ cells. S. pombe lipid rafts are 8 
distributed at the cell poles and equator (Wachtler et al., 2003). In wild-type and apl3∆ 9 
strains, the fluorescence was strong at these sites (figure 6 D); however, in the mutant 10 
strain the fluorescence seemed to extend farther from the pole tips towards the cell 11 
midzone than in the wild-type. This was confirmed by quantification of the 12 
fluorescence; as shown in the lower panel of figure 6 D, the intensity of the fluorescence 13 
at plasma membrane points located at distances representing 25-50% of the total 14 
distance from the cell tip to the cell equator was significantly stronger in the mutant 15 
than in the control strain. Althoughthe exact reason for this phenotype is unknown, a 16 
possible explanation might be that endocytosis is known to act as a “corral”, such that 17 
equilibrium between secretion, slow diffusion along the membrane and endocytosis 18 
guarantees the polarized localization of some transmembrane proteins (Valdez-Taubas& 19 
Pelham, 2003, Proszynski et al., 2006, Marco et al., 2007, Shivas et al., 2010). This 20 
mechanism has also been suggested to participate in the polarized localization of sterols 21 
(Nishimura et al., 2014). Thus, as shown by Wachtler et al. (Wachtler et al., 2003), 22 
sterols would arrive to the cell poles through the general secretion machinery and would 23 
probably remain polarized by the endocytosis corral. If endocytosis is reduced, sterols 24 
might extend farther from the tips along the plasma membrane. In agreement with this 25 
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hypothesis, Filipin stained the entire cell periphery of end4∆ cells (figure 6 D), which is 1 
defective in the establishment of new polarized growth zones (Castagnettiet al., 2005), 2 
showing that this phenotype correlated with the strength of the defect in endocytosis. 3 
 4 
S. pombe cells are cylindrical because they grow by extension at the tips and not at the 5 
middle (Mitchison& Nurse, 1985). After division, cells undergo a transition in growth 6 
from the “old pole” (inherited from the mother cell) to the “new pole” (originated after 7 
septum cleavage). Cells defective in polarity establishment do not undergo this 8 
transition and are monopolar because they only grow from the old pole (Verde et al., 9 
1995). Calcofluor binds to the S. pombe cell wall at the septum and growing cell tips. 10 
When we observed Calcofluor-stained cells that had been incubated at 32ºC, we 11 
realized that a significant number of apl3∆ cells only stained at one of the tips (not 12 
shown), an indication of monopolar growth (Verde et al., 1995). This observation 13 
suggested that apl3
+
 function might contribute to polarity establishment and/or 14 
maintenance. To document this observation more accurately, the number of cells with a 15 
GFP-Bgs4 signalat one pole, both poles and the midzone were scored. Bgs4p exhibits a 16 
strong fluorescence located at the sites of active growth (Cortes et al., 2005); thus, the 17 
percentage of cells with a GFP-Bgs4 signal at one pole, with respect to the total number 18 
of cells with a GFP-Bgs4 signal was considered as the percentage of cells with 19 
monopolar growth. This percentage was 23.8±0.3% (n, 30) and 34.6±0.54 (n, 40) for the 20 
wild-type and apl3∆ strains, respectively (figure 6 E). 21 
 22 
The AP-2 complex is required for proper cell wall synthesis 23 
As shown in figure 6 B, sorbitol improved growth of the apl3∆ end4∆ cells. Since 24 
improvement of growth by sorbitol is a hallmark of cell wall mutants, it was possible 25 
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that this process was altered in the apl3∆ strain. In order to investigate this issue, cells 1 
from the wild-type, apl3∆, cwg1-1 (bearing a point mutation in the β(1,3)glucan 2 
synthase bgs4
+
; Cortes et al., 2005), and cwg1-1 apl3∆ strains were incubated in the 3 
presence of Zymolyase-100T, an enzymatic preparation enriched in β-glucanase 4 
activity. This is a qualitative assay that gives information about the integrity of the cell 5 
wall (Perez & Ribas, 2004). As shown in figure 7 A, upon incubation with Zymolyase-6 
100T the three mutants lysed slightly faster than the wild-type, showing that the cells 7 
have a cell wall defect. Next, we analyzed the growth of the same strains on YES plates 8 
supplemented with Caspofungin, an inhibitor of β-glucan synthesis (Lesage et al., 9 
2004). The apl3∆ strain was slightly sensitive to the antifungal agent with respect to the 10 
wild-type (figure 7 B), suggesting that the synthesis of β(1,3) glucan in this strain was 11 
defective. Deletion of apm4
+
 did not increase apl3∆ sensitivity to Caspofungin (figure 7 12 
B), confirming that Apm4p was not participating in functional hemi-complexes in the 13 
apl3∆ strain. 14 
 15 
The results described above showed that AP-2 was required for proper cell wall 16 
synthesis, suggesting that the enzymes required for this process might be AP-2 cargoes. 17 
To attain stronger evidence supporting this hypothesis, we investigated the existence of 18 
co-localization between Apl3p and Bgs1p. As shown in figure 7 C, there was partial co-19 
localization between Apl3-GFP and Tomato-Bgs1p fluorescent dots at the cell surface 20 
of cell tips and septal area.45% of Apl3-GFP dots co-localized with Tomato-Bgs1 dots; 21 
probably, the rest of Apl3-GFP dots corresponded to AP-2 complexes at endocytic sites 22 
where Bgs1p was not present. 70% of Tomato-Bgs1 fluorescent dots co-localized with 23 
Apl3-GFP, while 30% of Bgs1 dots did not. Probably, this 30% corresponded to Bgs1 24 
molecules exerting their function before being endocytosed. Next, we investigated 25 
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whether AP-2 formed a complex with β(1,3)glucan synthases by performing co-1 
immunoprecipitation between Apl3-HA and GFP-tagged β(1,3)glucan synthases. As 2 
observed in figure 7 D, Apl3-HA was detected in anti-GFP immunoprecipitates from 3 
the strain bearing both Apl3-HA and GFP-Bgs1, but not from the control strains. A 4 
similar result was obtained when co-immunoprecipitation between Apl3-HA and GFP-5 
Bgs4 was analyzed (figure 7 E). Although co-immunoprecipitation did not show a direct 6 
interaction, the results demonstrated that AP-2 forms complexes with Bgs1p and Bgs4p. 7 
These results were in agreement with the presence of multiple YxxΦ tyrosine-based 8 
sorting motifs in the cytoplasmic loops of both enzymes (18 and 16 for Bgs1p and 9 
Bgs4p, respectively), and the presence of a conserved KWVRY motif at the C-terminal 10 
domain of S. pombe Apm4p. 11 
 12 
Altogether, these results showed that apl3
+ 
role in endocytosis is relevant for cell 13 
physiology. 14 
 15 
Discussion 16 
AP-2 complex and endocytosis 17 
While initial studies in S. cerevisiae and Dictyostelium discoideum suggested that AP-2 18 
might be dispensable for endocytosis in unicellular organisms (Yeung et al., 1999, 19 
Boehm & Bonifacino, 2001, Macro et al., 2012), more recent works showed that S. 20 
cerevisiae Apm4p interacts physically with the stress sensor Mid2p through a YXXΦ 21 
motif, and that AP-2 mutants exhibit polarity defects and an altered sensitivity to the 22 
K28 killer toxin (Carroll et al., 2009, Chapa-y-Lazo et al., 2014), arguing against this 23 
notion. We have found a direct involvement of AP-2 in yeast endocytosis using live-cell 24 
time-lapse microscopy of S. pombe cells bearing the Sla1p, Wsp1p, Arc5p, and Crn1p 25 
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markers, which have been used previously to study dynamic behavior of individual 1 
endocytic sites (Sirotkin et al., 2010, Basu & Chang, 2011, Basu et al., 2014). These 2 
analyses showed significant differences in the lifetimes of all these markers at the 3 
patches, being always longer and more heterogeneous in the apl3∆ mutant than in the 4 
wild-type. It has been described that in S. cerevisiae, apl1∆ mutants had no defect in the 5 
number/dynamics of Sla1-GFP fluorescent dots at the endocytic sites (Carroll et al., 6 
2009). We found that in the S. pombe apl1∆ mutant, Apl3p partially localized to the 7 
growth zones. If the situation were the same in budding yeast, it is possible that partially 8 
functional Apl3p-containing hemicomplexes could still be functional in those S. 9 
cerevisiaecells, accounting for the difference.  10 
 11 
The longer lifetime of endocytic markers in apl3∆ cells was not reflected in an apparent 12 
increase in the number of endocytic patches with respect to the wild-type strains. As 13 
mentioned above, this apparent contradiction might be the consequence of the 14 
equilibrium between the longer lifetime of the patch components and the lower 15 
efficiency of patch initiation due to the lack of AP-2 (Cocucci et al., 2012). 16 
Additionally, clathrin arrival and cargo recruitment represents a transition point that 17 
regulates the recruitment of other components of the endocytic machinery and the 18 
progression of the pit (Carroll et al., 2012). Thus, in the absence of the cargo- and 19 
clathrin-binding AP-2 complex, the time required for the arrival of patch components 20 
would be expected to be deregulated. In agreement with this notion, analyses of 21 
individual endocytic patches containing Sla1-GFP showed an extended immobile phase 22 
and a delayed incorporation of Crn1-Tomato. Additionally, the coexistence times of 23 
Sla1p and coronin, and that of Wsp1p and Arc5p was significantly longer in the mutant 24 
than in the wild-type. These results suggested that the time required for the correct 25 
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assembly of patch components, allowing a functional interaction at the endocytic sites 1 
to be attained, was longer in the absence of AP-2. 2 
 3 
It is known that actin polymerization, which is activated by Wsp1 and promoted by the 4 
Arp2/3 complexis required for maturation, ingression and scission of the endocytic 5 
patches (Girao et al., 2008, Aghamohammadzadeh & Ayscough, 2009, Arasada & 6 
Pollard, 2011, Basu & Chang, 2011, Kishimoto et al., 2011, Taylor et al., 2011, 7 
Boettner et al., 2012, Carroll et al., 2012, Weinberg & Drubin, 2012, Basu et al., 2014, 8 
Encinar del Dedo et al., 2014, Goode et al., 2015). The abnormal temporal dynamics of 9 
proteins belonging to the WASP/myo and actin modules observed in the apl3∆ mutant 10 
might result in a defective actin nucleation process and, therefore, in a lower capability 11 
of the endocytic patches to counteract turgor pressure. These defects would be in 12 
agreement with the extended mobile phases detected for several patch markers and with 13 
the increase in the number of abortive and immobile patches in the apl3∆ mutant. 14 
 15 
Although significant, the extension in the lifetime of endocytosis markers was mild with 16 
respect to that described for more severe endocytosis mutants (Chi et al., 201, Newpher 17 
& Lemmon, 2006, Basu & Chang, 2011). In agreement with this result, cell growth, 18 
membrane internalization (FM4-64 uptake) and fluid phase endocytosis (Lucifer Yellow 19 
uptake) were efficient in apl3∆ cells; thus, the requirement for S. pombe AP-2 seems to 20 
be minor. However, when endocytosis took place under suboptimal conditions (low 21 
amounts of clathrin) Apl3p function became relevant, in agreement with the 22 
collaboration between clathrin and AP-2 in coat assembly. In metazoans different cargo 23 
have different requirement for adaptors; thus, Low-Density Lipoprotein (LDL) receptors 24 
are more dependent on DAB2 and ARH than on AP-2, while Transferrin Receptor 25 
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(TfR) endocytosis depends entirely on AP-2 for its nucleation. Furthermore, the FC⁄F-1 
BAR domain protein FCHO2 may substitute for the function of AP-2, with a kinetic 2 
delay, via its interaction with the DAB2 adaptor (Swan, 2013). Thus, it is possible that 3 
in yeast other adaptors are more relevant than AP-2 for cargo endocytosis, or can 4 
substitute for this complex in its absence, explaining the mild phenotypes of AP-2 5 
depleted cells. In fact, in S. cerevisiae deletion of each of seven genes coding for early 6 
endocytic proteins, including Apl1p, had no apparent phenotype; only when the seven 7 
genes were simultaneously deleted a defect in endocytosis was detected (Brach et al., 8 
2014). 9 
 10 
Endocytosis and extracellular matrix remodeling 11 
Most cells are surrounded by an extracellular matrix composed of proteins and 12 
polysaccharides. Its equivalent in fungi is the cell wall, which is an essential protective 13 
and morphogenetic element (Lesage & Bussey, 2006). In the apl3∆ mutant, the 14 
alteration of endocytic patch dynamics was accompanied bya defect in cell wall 15 
synthesis, according to its sensitivity to Caspofungin and to digestion by glucanases. 16 
However, the altered behavior of the endocytic patches was not a consequence of the 17 
cell wall defects, because it has been shown that eliminating the cell wall has no effect 18 
in the dynamics of endocytic sites (Basu et al., 2014). Although co-localization and co-19 
immunoprecipitation of Apl3p and Bgs proteins might suggest that these β(1,3)glucan 20 
synthases are AP-2 cargoes, detailed analysis of cell wall components did not reveal 21 
significant differences in the amount/proportion of cell wall polymers between both 22 
strains (results not shown). Additionally, in the apl3∆mutant the amount of GFP-Bgs1 23 
and GFP-Bgs4 detected by Western blot was similar to that of the wild-type (results not 24 
shown), indicating that that if Bgs1p and Bgs4p were AP-2 cargoes, their stabilization at 25 
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the apl3∆ plasma membrane is subtle. Thus, we cannot confirm that β(1,3)glucan 1 
synthases are AP-2 cargoes. 2 
 3 
It is possible that thecell wall structure, not its composition, could be different in both 4 
strains as aconsequence of small differences in the amounts/activities of several 5 
enzymes involved in cell wall construction. S. pombe apl3∆ cells were slightly sensitive 6 
to some divalent cations. This sensitivity could be caused by enhanced ion uptake due to 7 
the stabilization of specific transporters at the plasma membrane, but also by an altered 8 
cell wall structure because the cell wall acts a permeation barrier and as an adsorption 9 
filter for toxic compounds, including some ions (Ono et al., 1988, Lesage & Bussey, 10 
2006). Thus, the sensitivity to different salts might be explained by a different 11 
permeability of the altered apl3∆ cell wall to the cations. An altered cell wall 12 
composition at the division septum would hamper the action of glucanases, probably 13 
accounting for the mild defect in cell separation detected in the apl3∆ cells.  14 
 15 
In S. cerevisiae, Pkc1p is delocalized in apm4∆ mutants (Chapa-y-Lazo et al., 2014, 16 
Chapa-y-Lazo & Ayscough, 2014); since Pkc1p influences several aspects of cell wall 17 
synthesis (Levin, 2011), the absence of AP-2 might produce defects in cell wall 18 
structure. A defective cell wall structure could influence the resistance to K28 toxin 19 
detected in S. cerevisiae AP-2 mutants (Carroll et al., 2009), because cell wall 20 
components are the primary toxin-binding sites (Schmitt & Radler, 1988, Schmitt & 21 
Radler, 1990). In metazoans, the extracellular matrix is remodeled during development, 22 
normal tissue homeostasis, and disease progression. Controlled protein synthesis, 23 
proteolysis and endocytosis account for this remodeling. AP-2 participates in theCME 24 
of integrins (Bridgewater et al., 2012), which regulate the endocytosis of extracellular 25 
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matrix components (Shi & Sottile, 2011). Thus, AP-2 participation in extracellular 1 
matrix remodeling seems to be conserved. 2 
 3 
Endocytosis and polarity establishment 4 
There is cross-regulation between endocytosis and cell polarity establishment. 5 
Endocytosis acts as a diffusion barrier to ensure the polarized localization of membrane 6 
lipids and polarity proteins; conversely, some polarity factors such as Cdc42p regulate 7 
the positioning of the endocytic machinery and certain steps of endocytosis (Valdez-8 
Taubas & Pelham, 2003, Marco et al., 2007, Shivas et al., 2010, Nishimura et al., 9 
2014). In S. cerevisiae, the apm4∆ mutant exhibits delocalized Mid2, Pkc1, and Cdc42 10 
proteins and shows defects in polarized growth (Chapa-y-Lazo & Ayscough, 2014). In 11 
Neurospora crassa and Candida albicans elimination of AP-2 subunits leads to polarity 12 
defects and abnormal growth (Chapa-y-Lazo et al., 2014). We have found that in the S. 13 
pombe apl3∆ mutant, sterols were less polarized than in the wild-type and that in this 14 
mutant there was accumulation of monopolar cells. All these results implicate AP-2 in 15 
polarity maintenance/establishment in different organisms. 16 
 17 
In summary, we have found that apl3∆ deletion affects the dynamics of endocytic sites 18 
in a unicellular eukaryote, confirming a direct and conserved role of the AP-2 complex 19 
in endocytosis that is relevant for morphogenesis.  20 
 21 
Experimental procedures 22 
Strains and growth conditions 23 
Techniques for S. pombe growth and manipulation have been described previously 24 
(Moreno et al., 1991; PombeNet: www-bcf.usc.edu/~forsburg/index.html). The relevant 25 
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genotypes and source of the strains used are listed in Table S1. Unless otherwise stated, 1 
cells were grown in rich medium (YES; 0.5% yeast extract, 3% glucose, 225 mg/l 2 
adenine, histidine, leucine, uracil and lysine hydrochloride, 2% agar) and incubated at 3 
32ºC. Caspofungin (Merck Sharp & Dohme) was used at different concentrations from 4 
a stock at 10 mg/ml in DMSO. 5 
 6 
Genetic methods  7 
Molecular and genetic manipulations were as described (Sambrook, 2001). apl3∆ null 8 
mutants were produced by transforming cells with cassettes in which the KANMX6, 9 
HPHMX6, and ura4
+
 selection markers replaced the ORF and were flanked by 0.5 kb 10 
DNA sequences upstream and downstream from the ORF. The HA epitope, the Green 11 
Fluorescent Protein (GFP), and mCherry were introduced as NotI-NotI DNA fragments 12 
within a NotI site created by site-directed mutagenesis immediately before the stop 13 
codon in apl3
+
; these constructs, in which the gene was under the control of its own 14 
promoter, were integrated at the leu1
+
 locus. The apl1∆, Apl1-GFP, and Apm4-GFP 15 
strains were generated using the PCR-based gene targeting procedure described by 16 
Bähleret al. (Bähler et al., 1998).The accuracy of the constructions was assessed by 17 
DNA sequencing, and their correct integration by PCR.Genetic crosses and selection of 18 
the characters of interest by random spore analysis (Moreno et al., 1991; PombeNet: 19 
www-bcf.usc.edu/~forsburg/index.html) were used to combine the different traits.  20 
 21 
Microscopy 22 
Calcofluor staining (Blankophor, Bayern. 0.125 µg/ml final concentration) was 23 
performed as previously described (Sharifmoghadam & Valdivieso, 2009). 24 
Internalization of FM4-64 (SynaptoRed, Biotium) was performed as previously 25 
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described (de Leon et al., 2013). To observe the distribution of lipid rafts, cells were 1 
stained with Filipin complex (SIGMA; final concentration of 50µg/ml from a stock at 5 2 
mg/ml in DMSO) and immediately photographed, such that the cells were exposed to 3 
the antibiotic for less than 5 minutes. The intensity of the signal was estimated by 4 
drawing a line along the perimeter of the cell using ImageJ software (National Institutes 5 
of Health, Bethesda, MD). Intensity values were estimated along 12 µm of the perimeter 6 
of one of the cell poles; the maximum values corresponding to each cell were 7 
normalized to 100%; the mean value of the intensities estimated at each point for all the 8 
cells analyzed was plotted.Two approaches were used to assess polar growth. Cells were 9 
stained with Calcofluor and photographed; cells with strong fluorescence at one pole, 10 
both poles and the midzone were scored from the photographs. Alternatively, cells 11 
bearing GFP-Bgs4 were photographed under a fluorescence microscope; cells with the 12 
Bgs4 signal at one pole, both poles and the midzone were scored from the photographs. 13 
 14 
For the analyses described above, images were captured with either a Leica DM RXA 15 
conventional microscope equipped with a Photometrics Sensys CCD camera, using the 16 
Qfish 2.3 program, or with an Olympus IX71 microscope equipped with a personal 17 
DeltaVision system and a Photometrics CoolSnap HQ2 monochrome camera. In the 18 
latter case, stacks of Z-series sections were acquired at 0.2-µm intervals. Unless stated 19 
otherwise, fluorescence images are maximum two-dimensional projections of the 6 Z-20 
series that corresponded to the middle of the cell and were analyzed using 21 
deconvolution software from Applied Precision. Images were processed with Adobe 22 
Photoshop, IMAGEJ (National Institutes of Health), or SOFTWORX DV software.  23 
 24 
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Cells grown to log phase at 28°C in rich medium, concentrated, mounted directly onto 1 
nakedslides, and imaged at 28°Cwere used to analyze the dynamic behavior of proteins 2 
during endocytosis. Microscopy was performed using an OLYMPUS IX 81 spinning-3 
disk confocal microscope with a PLan Apo 100x/1.4 NA oil objective, equipped with a 4 
CSUX1-A1 Confocal Head (Yokogawa) and a EVOLVE camera (PHOTOMETRICS). 5 
Images were acquired, processed, and analyzed with the MetaMorph® and ImageJ 6 
software. Cortical patches were imaged in stacks of 3 z-sections acquired at 0.15-µm 7 
intervals along 100/200-point time-lapses. Fluorescence images are maximum two-8 
dimensional projections of the 3 sections at the selected time-points. 9 
 10 
Protein analyses 11 
Western blot was performed as described (Sharifmoghadam & Valdivieso, 2009) using 12 
anti-GFP (JL8, BD Living Colors; 1:3000) and anti-HA (12CA5; Roche, 1:6000) 13 
primary antibodies and anti-mouse horseradish peroxidase-conjugated secondary 14 
antibody (BIORAD, 1:10000). The Advansta WesternBright ECL kit was used to detect 15 
the immunoreactive bands.Co-immunoprecipitation of soluble proteins was performed 16 
as described (Sharifmoghadam & Valdivieso, 2009, de Leon et al., 2013), although a 17 
6770 Freezer/Mill (SPEX SamplePrep. Metuchen, USA) was used to disrupt the cells. 18 
For co-immunoprecipitation between Apl3p and β-glucan synthases, cleared cell 19 
extracts were centrifuged at 21,000 xg for 30 minutes at 4ºC to pellet cell membranes. 20 
To extract membrane proteins, the pellet was resuspended in lysis buffer containing 1% 21 
Tween-20 (SIGMA) plus 1% Triton-X100 (SIGMA) and incubated for 2 hours at 4ºC in 22 
a tube rotator. Next, samples were centrifuged at 100,000 xg for 1 hour at 4ºCto 23 
eliminate non-extracted membrane debris. Supernatants were used to perform the co-24 
immunoprecipitationand toanalyze the input by Western blot. 25 
Page 29 of 51 Molecular Microbiology
For Peer Review
 28
 1 
Other methods 2 
Colony dot blot was performed as described (Iwaki et al., 2004), with modifications. 3 
Briefly, freshly-growing cells were concentrated by centrifugation at an OD600 of 2.0, 4 
spotted onto a nitrocellulose membrane and incubated on EMM plates for 5 days at 5 
28ºC. The membrane was washed and immunoblotted with an anti S. cerevisiae Cpy1p 6 
antibody (Molecular Probes, Invitrogen. 1:500 dilution). Acid phosphatase secretion 7 
was estimated as described (de Leon et al., 2013). Sensitivity to Zymolyase was 8 
analyzed as described (Perez & Ribas, 2004, Sharifmoghadam & Valdivieso, 2009).  9 
 10 
Statistical analyses 11 
The results were evaluated statistically using Student’s t-test with the SPSS Statistic 12 
17.0,and Graphad Prism software P-values for the significantly different values are 13 
indicated. 14 
 15 
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Figure legends 1 
Figure 1.Characterization of fission yeast AP-2 complex. (A) Western blot of Apl3-2 
GFP, Apl1-GFP and Apm4-GFP proteins in the indicated strains decorated with anti-3 
GFP antibody. Anti-Atb2 antibody was used to detect alpha tubulin 2, used as a loading 4 
control (α-Tub). (B) Distribution of Apl3-GFP, Apl1-GFP and Apm4-GFP proteins in 5 
the absence of other AP-2 subunits. Arrowheads denote Apl3-GFP dots at the cell 6 
surface of apl1∆ cells. Images are projections of z-stacks obtained using a DeltaVision 7 
deconvolution system. Bar, 10µm. (C) 3x10
4
 cells and serial 1:4 dilutions from the 8 
indicated strains were spotted onto YES plates supplemented with 1 µM miconazole 9 
and incubated at 28ºC for two days. 10 
 11 
Figure 2. Apl3p is required for efficient endocytosis. (A) Distribution of Apl3-GFP 12 
and End4-mCherry proteins. Arrowhead denotes an Apl3-GFP dot devoid of End4-13 
mCherry signal. The lower images correspond to tile views of an endocytic patch 14 
bearing both markers. Bar, 5 µm. (B) Apl3p and the clathrin light chain Clc1p co-15 
immunoprecipitate. Cell extracts from strains carrying Apl3-GFP and/or Clc1-HA were 16 
analyzed by Western blot (WB) using anti-GFP (α-GFP) or anti-HA (α-HA) 17 
monoclonal antibodies before (Extracts) or after immunoprecipitation (IP) with a 18 
polyclonal anti-GFP antibody. (C) The same as in B but cells expressed GFP-tagged 19 
Clc1p and/or HA-tagged Apl3p. (D) Genetic interaction between apl3∆ and clc1-232 20 
and end4∆ mutants. 3x10
4
 cells and serial 1:4 dilutions from the indicated strains were 21 
spotted onto YES plates and incubated at the indicated temperatures for two days. (E) 22 
FM4-64 uptake in mixed cultures of 41XHA-clc1 cells, bearing the spindle-pole-body 23 
Sad1 protein fused to the GFP, and 41XHA-clc1 apl3∆ cells grown in the absence (-T) 24 
and presence (+T) of thiamine for three hours. Cells were stained with the dye and 25 
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photographed after the indicated times (in minutes) of incubation at 32ºC. Bar, 10 µm. 1 
The images in A and E are medial sections and were obtained with a DeltaVision 2 
deconvolution system.  3 
 4 
Figure 3.The lifetimes of Sla1 and Crn1 at the endocytic patchesare abnormal in 5 
apl3∆ cells. (A) Medial-section confocal images of wild-type and apl3∆cells expressing 6 
the endocytic-patch markers Sla1-GFP (green) and Crn1-Tomato (Coronin; red). Scale 7 
bar, 5µm. (B) Percentage of Sla1-GFP (greenish bars) and Crn1-Tomato (reddish bars) 8 
fluorescent dots with different lifetimes at the cell surface (in seconds). (C) Average 9 
lifetimes of the endocytic factors Sla1-GFP and Crn1-Tomato were generated from 10 
movies of the wild-type and apl3∆ strains. The bars represent temporal maps of patch 11 
behavior, where the green and red colors represent the periods when the patch contained 12 
Sla1-GFP and Crn1-Tomato, respectively; yellow denotes the time when both proteins 13 
were present. The standard deviation is shown for each time period. The statistical 14 
significance of the difference between the values for the apl3∆ and wild-type strains is 15 
shown (***, p<0.001. Student´s t-test). (D) Tile views of endocytic patches from the 16 
wild-type and the apl3∆ strains bearing Sla1-GFP (upper set of micrographs for each 17 
strain) and Crn1-Tomato (central set of micrographs). The lowest set of micrographs for 18 
each strain corresponds to the merged Sla1-GFP and Crn1-Tomato images. Time 0 19 
marks two frames before the first frame at which Sla1-GFP could be observed. Images 20 
were obtained from representative time-lapses and are shown at 1.3 seconds intervals. 21 
 22 
Figure 4. The lifetimes of Wsp1 and Arc5 at the endocytic patches are abnormal in 23 
apl3∆ cells. (A) Medial-section confocal images of wild-type and apl3∆ cells 24 
expressing the endocytic patch markers Wsp1-YFP (green) and Arc5-mCherry (red). 25 
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Scale bar, 5 µm. (B) Percentage of Wsp1-YFP (greenish bars) and Arc5-mCherry 1 
(reddish bars) fluorescent dots with different lifetimes at the cell surface (in seconds). 2 
(C) Average lifetimes of the endocytic factors Wsp1-YFP and Arc5-mCherry were 3 
generated from movies of the wild-type and apl3∆ strains. The bars represent temporal 4 
maps of patch behavior, where the green and red colors represent the periods when the 5 
patch contained Wsp1-YFP and Arc5-mCherry, respectively; yellow denotes the time 6 
when both proteins were present. The standard deviation is shown for each time period. 7 
The statistical significance of the difference between the values for the apl3∆ and wild-8 
type strains is shown (***, p<0.001. Student´s t-test). 9 
 10 
Figure 5. Progression of endocytic patches is altered in apl3∆ cells. (A) Schematic 11 
representation of relative dynamics of the patch components Sla1p, Wsp1p, Arc5p, and 12 
Crn1p in the wild-type (full lines) and apl3∆ strains (dashed lines). Time 0 seconds 13 
(denoted by arrowheads for each marker) indicates the time of patch internalization. (B) 14 
Whole-cell kymographs of Sla1-GFP and Crn1-Tomato markers were generated from 15 
two-color movies acquired at a rate of one frame per 0.66 seconds by drawing a 3.6 µm-16 
wide line perpendicular to the cell equator.(C) Representative kymographs of Sla1-GFP 17 
and Crn1-Tomatothat illustrate the different progression patters that were quantified. In 18 
each case, a line was drawn across a single patch from a time-lapse movie acquired with 19 
0.66 seconds intervals between frames.(D) The same as above but cells expressed 20 
Wsp1-YFP and Arc5-mCherry. (E) Percentage of endocytic patches containing the 21 
Sla1-GFP and Crn1-Tomato markers that undergo normal progression, undergo 22 
abnormal (bouncing) progression, and are immobile. 23 
 24 
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Figure 6. Phenotypic analysis of apl3∆cells.(A) 3x10
4
 cells and serial 1:4 dilutions 1 
from the wild-type and apl3∆ strains were spotted onto YES plates and YES plates 2 
supplemented with the indicated concentrations of KCl, NaCl, and sorbitol (SB), and 3 
incubated at 25ºC for three days. (B) The same as in A, but the cells spotted onto YES 4 
and YES with sorbitol and incubated at 28ºC. (C) 3x10
4
 cells and serial 1:4 dilutions 5 
from the wild-type, apl3∆, end4∆, and apl3∆ end4∆ strains were spotted onto YES 6 
plates and YES plates supplemented with the indicated concentrations of miconazole 7 
(MZ), and incubated at 25ºC for three days. (D) Upper panels: wild-type,apl3∆,and 8 
end4∆cells were stained with Filipin complex and photographed. Bar, 10 µm. Lower 9 
panel: graphical representation of the Filipin fluorescence values in cells from the same 10 
strains. Fluorescence intensity was estimated by performing a line scan along the 11 
perimeter of the cells between the cell equator and one cell tip. 28, 34, and 15 cells from 12 
the wild-type,apl3∆, and end4∆ strains, respectively were scanned. In all cases, cell 13 
length was 12-13 µm. The graph represents the plot profile of the means and standard 14 
deviations for the relative intensities of all the values obtained from each strain at 15 
different cell points from the cell tip towards the midzone. The cell points are indicated 16 
as the percentage of the distance from the cell tip to the cell equator, as represented in 17 
the cartoon (upper right-hand corner of the graph). The difference in the fluorescence 18 
intensities between the wild-type and apl3∆ strains at each of the points depicted by the 19 
brackets was statistically significant (**; p<0.01). (E) Analysis of polarity in wild-type 20 
and apl3∆ cells.Left panel, micrographs of wild-type and apl3∆ cells bearing GFP-Bgs4 21 
as a marker for the cell growth sites. Asterisks denote monopolar cells. Bar, 10 µm.  22 
Right panel, the percentage of cells exhibiting monopolar growth, with respect to 23 
monopolar plus bipolar plus septated cells was estimated. The mean values, standard 24 
deviations and statistical significance (***; p<0.001; Student´s t-test) is shown.  25 
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 1 
Figure 7. apl3∆ cells exhibit defects in cell wall synthesis. (A) Lysis of cell 2 
suspensions from the wild-type, apl3∆, cwg1-1, and apl3∆ cwg1-1 strains incubated at 3 
28ºC in 50 mM citrate-phosphate buffer with 5 µg/ml Zymolyase-100T; samples were 4 
taken every 30 minutes and their OD600nm was estimated. The experiment was 5 
performed three times; the mean values and standard deviations are shown. (B) 3x10
4
 6 
cells and serial 1:4 dilutions from the indicated strains were spotted onto YES plates 7 
supplemented with Caspofungin and incubated at 28ºC for two days. (C) Distribution of 8 
Apl3-GFP and Tomato-Bgs1 proteins. Asterisks denote co-localization, the arrowhead 9 
denotes a Tomato-Bgs1 fluorescent dot devoid of Apl3-GFP, and the arrow denotes an 10 
Apl3-GFP fluorescent dot with no Bgs1 signal. Bar, 10 µm. (D) Apl3p co-11 
immunoprecipitates with the β(1,3)glucan synthase Bgs1p. Cell extracts from strains 12 
carrying GFP-Bgs1 and/or Apl3-HA were analyzed by Western blot using anti-GFP (α-13 
GFP) or anti-HA (α-HA) monoclonal antibodies before (Extracts) or after 14 
immunoprecipitation (IP) with a polyclonal anti-GFP antibody. (E) The same as in D 15 
but co-immunoprecipitation was analyzed in cells bearing GFP-Bgs4 and/or Apl3-HA. 16 
 17 
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